Abstract The aims of this study were to evaluate the use of infrared thermography (IRT) images as a tool for monitoring body surface temperature and to study its relationship with residual feed intake (RFI) in Nellore cattle. We also evaluated IRT as an indicator of feed efficiency in Bos indicus cattle. In this study, 144 Nellore steers were fed high-concentrate diets for 70 days to evaluate feedlot performance. We examined nine animals classified as high RFI and nine animals classified as low RFI by measuring rectal temperature (RT), respiratory frequency (RF), and IRT in the front, eye, ocular area, cheek, flank, ribs, rump, and front feet. The measurements were taken at 0700, 1200, and 1600 hours. The IRT temperatures measured at the eye, cheek, flank, ribs, rump, and front feet were positively associated with RF and RT. These results indicate that increases in the temperatures are associated with increased RF and RT. There was an effect in the RFI group in the front region where IRT correlates with RT. The front IRT for high-RFI cattle was lower (P<0.01) than that for low-RFI cattle. The higher skin temperature measured by IRT for animals in the RFI group may be related to improved efficiency of thermoregulatory mechanisms because the RT remained lower in the low-RFI group. IRT can be used in the head for studies related to RFI in beef cattle.
Introduction
Feeding is one of the most important factors in animal production. The costs of feed account for approximately 70 % of the grass-fed cattle system. In feedlot systems, the feed cost accounts for approximately 90 % of the total cost. Thus, the identification of animals that use feed more efficiently will affect both the costs and sustainability of beef production systems.
There are several methods to measure feed efficiency. However, all of the methods require measuring individual feed intake. The individual measure of feed intake is costly, time consuming, and difficult to implement on a large scale. Furthermore, most feed efficiency traits are related to the mature size of an animal and can increase the maintenance requirements. This increase is undesirable for production systems.
Residual feed intake (RFI) is a concept proposed by Koch et al. (1963) and has been revised by many authors (Archer et al. 1997; Basarab et al. 2003; Gomes et al. 2012) . The RFI is a criterion for identifying and selecting efficient animals without negatively affecting animal performance, carcass, and meat quality. The RFI concept consists of the deviation of observed versus predicted feed intake adjusted for weight gain. Animals that show negative values (below average) are classified as lower RFI (higher efficiency) than those with positive values (high RFI=lower efficiency). However, determining RFI requires measuring individual animal feed intake Electronic supplementary material The online version of this article (doi:10.1007/s00484-015-1015-9) contains supplementary material, which is available to authorized users.
and it is difficult to make evaluations in a large number of animals.
New traits and methods to indirectly predict the animal efficiency more easily have been studied. Thermoregulation is a factor related to feed efficiency because it is associated with energetic metabolism and energy expenditure (Herd et al. 2004) . Thus, thermoregulation could be explored for this purpose. Infrared thermography (IRT) has been used to measure animal body surface temperature in beef cattle Kortba et al. 2007 ). Several studies have suggested that more efficient animals have a lower body surface temperature and also produce less methane than less efficient animals (Castro Bulle et al. 2007; Hegarty et al. 2007; Montanholi et al. 2007 ). According to these authors, smaller maintenance energy requirements are associated with less heat production in more efficient animals. Additionally, the animals lose less heat from their body surface and have a reduced body surface temperature.
Previous studies using IRT have presented promising results for evaluations of feed efficiency using British, continental, or its cross beef breeds in a controlled environment. However, there are no studies examining IRT and feed efficiency in Bos indicus breeds in tropical conditions. These breeds are important for beef production in South and Central America and Asia. Additionally, it is important to assess surface temperature response in regular production conditions and determine if IRT is a useful tool for identifying these variations.
The data from this study could be of primary use to beef industry sectors interested in fast, consistent, accurate, noninvasive, non-destructive, and low-cost methods for animal evaluation to improve the efficiency of production systems.
Our hypothesis is that the body surface temperature of cattle under feedlot conditions differs between feed efficiency groups (high and low RFI), and this difference could be related to thermoregulatory capacity of animals housed in a confined environment.
The aim of this study was to evaluate the use of IRT images as a tool for monitoring the body surface temperature of beef cattle. We also examined the relationship with residual feed intake and thermoregulatory traits in Nellore cattle in tropical conditions.
Material and methods
This study was conducted at the facilities of the Faculdade de Zootecnia e Engenharia de Alimentos (FZEA) of Universidade São Paulo (USP) in Pirassununga, SP, Brazil, which is located at 21°57′ 02″ S, 47°27′ 50″ W. The mean elevation is 630 m above sea level. The average annual temperature is 22°C, and the area receives approximately 1360 mm of precipitation annually. The study was conducted according to the Institutional Animal Care and Use Committee Guidelines of FZEA/USP. The experiment was conducted over two consecutive years and consisted of two phases. In the first phase, a feeding trial was performed to determine the individual RFI of the animals. In the second phase, the cattle were evaluated for body surface temperature using IRT, rectal temperature, and respiratory frequency. The animals were exposed to the natural environmental conditions detailed below in both phases.
In the first phase, a total of 144 Nellore cattle (36 steers and 36 bulls per year) were confined over 2 years (2010 and 2011) . The animals were 16 to 21 months of age and had an initial body weight (BW) of 334±19 kg. The feeding trial was conducted between June and July. The cattle were housed in individual pens and in drylots equipped with Calan Broadbent feeding gates (American Calan, Inc., Northwood, NH, USA). The individual pens were 5×8 m and contained 36 animals. The other 36 cattle were allotted (12 animals/pen) to one of the three group pens (10×23 m) with Calan gates (drylots). Individual and group pens were soil surfaced and contained automatic water fountains and sheltered feed bunks. The individual pens had additional shade for animals (20 m 2 /head). The drylots had no additional shade for animals. The number of steers and bulls was equally divided between the two facilities.
The animals were fed daily a diet containing 85 % concentrate and 15 % roughage on an ad libitum basis as described in Table 1 .
Following a 21-day adaptation period, the animal BW was determined at d0, d21, d42, and d70. The average daily gain (ADG) in weight was calculated by linear regression using the time and individual BW.
The dry matter intake (DMI) was calculated as the difference between the quantity provided daily and orts. The RFI of each animal was calculated according the methodology described by Koch et al. (1963) after 70 days of feeding. This calculation considers the difference in observed DMI (DMIobs) and predicted DMI (DMIpred) based on the rate of weight gain and metabolic live weight. DMIpred values were obtained through regression analysis using DMIobs as the dependent variable and BW 0.75 and ADG as independent variables. Animals with RFI greater than the 0.5 standard deviation were classified as high RFI, and cattle with RFI below −0.5 standard deviation were classified as having low RFI. We then selected nine animals classified as high RFI and nine animals with low RFI to participate in the second phase of the study.
In the second phase, the cattle were allotted in individual pens (as described above) for 10 days of IRT and physiological measures of rectal temperature (RT) and respiratory frequency (RF). The measurements of all animals (2010, n=18, and 2011, n=18) were collected every day at 0700, 1200, and 1600 hours. The RF was measured by counting flank movements three times for 15 s, and the average was used to calculate movements per minute. The RF was measured with the animals in their pen before the IRT and RT measures, which were collected with the animals restrained in the squeeze chute. The RT was manually collected with a digital thermometer (VMDT01; Viomed®) simultaneously with IRT.
Infrared thermography was performed using an infrared camera (TI 20-9 Hz, Fluke; Fluke Corporation, Everett, WA, USA). The emissivity value used was 0.98, which is the recommendation of the camera manufacturer for biological tissues. The IRT images were taken of the following eight body locations: the front, ocular area, cheek, flank, ribs, rump and front feet ( Fig. 1) , and eye. The animals were brought individually from their pens and placed in the shade immediately prior to IRT collection. The IRT images were taken approximately 1.0 m from each of the body locations. The images were interpreted using Fluke InsideIR™ 4.0 (Fluke Corporation, EUA) software. The IRT traits defined in this study were the average temperature of a specific shape of each body location photographed (Fig. 2a, b) to define a sub-area of each image. For the ocular area, the maximum temperature within this region was defined as having IRT traits.
The average skin thickness was measured at the beginning of the second phase using Aloka ultrasound equipment model SSD 500 Micrus (Aloka Co., Ltd.) with a 5-MHz linear transducer. An image of each animal was taken in the loin region between the 12th and 13th ribs. The images were recorded on a personal computer for further analysis using Lince® (FZEA/USP, Pirassununga, SP, Brazil) software to determine the skin depth.
A data logger (HOBO® U12) was installed at the center of the pens 2 m above the floor, which is approximately the level of the animal's heads. Dry bulb temperature (DBT;°C) and black globe temperature (BGT;°C) and relative humidity (RH; %) were automatically recorded 24 h a day at hourly intervals during the second phase.
The effect of the RFI group and measurement time on IRT traits was analyzed as repeated measurements. The measurement time and RFI group measurement interaction was analyzed as fixed effects. The sex (bulls and steers) and year (2010 and 2011) were analyzed as random effects. The animals were the subject of repeated measurements. The covariance structures were modeled, and the best fit (variance component (VC)) based on the lower value of Akaike information criterion (AIC) was used. The linear regression and correlations were computed to evaluate the association between IRT and physiologic variables. All analyses were conducted using the SAS System software (SAS Institute Inc., Cary, NC, USA).
Results
There was no interaction between RFI and time of measurements. Thus, the effect for RFI group (low vs. high) on IRT, RT, and FR characteristics can be observed regardless of the time the measurements were taken. Therefore, this study will not focus on how time affects IRT traits.
The average DBT and RH were 26.4±0.15°C (range 18.6 to 29.6°C) and 40±0.47 %, respectively. There is a quadratic association between DBT and hour of the day (Fig. 3) . The maximum values of 29.6°C occurred at approximately 1400 hours. The temperature remained near the maximum values (29.6°C) for 4 h per day from 1200 to 1500 hours.
The mean value of RT was not indicative of animal stress. However, the maximum value of RT observed (39.8°C) indicated RT values above the normal physiological condition for bovines ( Table 2 ). The maximum value of RF (60 mov min −1 ) was at the critical limit for bovines (Kolb 1987; Silva 2000) .
The average temperatures of IRT were 7 to 2°C lower than RT and depended on IRT body area ( Table 2 ). The higher and The front area showed the greatest variability (standard deviation of 3.27). There was no difference between RFI groups for initial and final body weight, average daily gain, and skin thickness (Table 3 ). The total dry matter intake was smaller, and feed efficiency was greater for the low-RFI group (P<0.0001).
The correlations between IRT and thermoregulatory traits are presented in Table 4 . Overall, IRT traits were positively correlated with RT and RF (0.34 to 0.60). The correlations between IRT traits and RT were higher (0.43 to 0.60) than among IRT traits and RF (0.35 to 0.49). Considering all IRT traits, eye temperature had the lowest correlation with RT (0.43) and temperature of the ocular area had a low correlation with RF (0.35). The average temperature of the front area had a higher correlation with RT (0.60).
Low-RFI cattle had lower (P<0.01) RT than high-RFI cattle. There were no differences observed for RF. The front IRT was higher (P<0.01) for the low-RFI group than that for the high-RFI group. There were no temperature differences observed for other IRT traits among the RFI groups, and there was no effect on skin thickness in the RFI group (Table 5) .
Discussion
Although the average temperature was not indicative of environmental stress, values above upper critical temperatures for bovines were observed during periods of the day for Nellore a b c d cattle. According to Baêta and Souza (1997) , 27°C is the upper critical temperature value for Bos taurus breeds and 29°C is the limit for B. indicus (Silanikove 2000) . However, the limit could diverge depending on animal adaptation, exposure time to the heat stress, and the level of animal performance (Fuquay 1981; Hahn et al. 1997) .
A temperature of approximately 29°C for 4 h was observed in this study. Our data suggest that animals were subjected to mild stress. Additionally, the values of breathing (RF) were close to the limit for cattle. The RT observed (maximum RT) follows the same trend and corroborates the mild stress hypothesis. In environments where air temperature remains above the upper critical limit, the thermoregulatory mechanisms of heat loss are activated to maintain the core body temperature (Fuquay 1981) . The heat loss occurs first by conduction, convection, and radiation ways (sensible loss) that are dependent on the thermal gradient difference between the environmental temperature and body temperature (Silva 2000) . These mechanisms are effective in keeping body heat in equilibrium if the thermal stress is not intense or the thermal stress occurs for a short period as observed in this study. However, in environments where the ambient temperature is above this limit, then evaporation (respiratory and sweating) is used and this mechanism requires greater energy expenditure than other forms of heat loss (Silanikove 2000) .
The animal skin temperature could change according to variations in skin blood flow because stress alters the amount of radiated heat that is lost from thermoregulatory sites. The variability of skin temperature follows different patterns depending on the body region. In this study, IRT temperatures were 7 to 2°C lower than RT depending on the IRT body area examined. Body temperatures taken closer to external surface are subject to the influence of environmental temperatures and are less stable than deeper body temperatures such as RT (Silva 2000) .
Several studies have used IRT to assess skin temperature (Hurnik et al. 1985; Kortba et al. 2007; Montanholi et al. 2008) . Berry et al. (2003) observed that udder temperatures were 3-5°C cooler than RT. Similar results were reported by Whittow (1962) , who verified that the surface rear area was approximately 3°C lower than RT. These values are different from the current study, which presented a larger variation between IRT and RT for all body areas except for the ocular area.
In previous studies, Montanholi et al. (2008) and Berry et al. (2003) found IRT temperatures of different body sites varied from 35.38°C (rear area) to 30.63°C (right front foot), which is similar to the IRT values (36.47 to 31.4°C) for all Berry et al. (2003) . The prior studies were conducted in environments with DBT ranging from 11.1 to 27.4°C (mean of 18.3°C) (Berry et al. 2003) and from 12.1 to 27.3°C (Montanholi et al. 2008) . These temperatures can be considered in the thermoneutral zone.
Conversely, in the current study, there were fluctuations on IRT temperatures of approximately 16°C observed for the same body site (i.e., front). This temperature variation probably occurred because the animals were housed in unsheltered facilities and were subjected to greater variations of environmental conditions, which requires adjustments in the thermoregulatory system. The differences between studies may be explained by the differences in the thermal environmental where cattle were evaluated. It is known that environmental temperature affects skin surface temperature and influences the thermal exchange between the organism and the environment, especially in mild stress conditions. Pearson's correlations demonstrated that all body temperatures observed were moderately and positively associated with RF and RT. These data indicate that increases in these temperatures are linked to the increase of RF and RT. Similar to our results, Collier et al. (2006) found a positive correlation between RF and body surface temperature (r= 0.73). In a previous study, Martello et al. (2010) found positive correlations between RF and RT with body surface temperature (0.55 and 0.64, respectively).
The high correlation between IRT front and RT observed in this study could be explained by its proximity to the brain, which houses the central nervous system and is responsible for body temperature regulation (Weschenfelder et al. 2013) . Previous studies by Kessel et al. (2010) and McCafferty (2007) considered regions of the head (i.e., brain) as an indicator of core temperature because of its proximity to the brain.
Several studies have evaluated the relationship of ocular area temperature measured with IRT and variations in body core temperature. Tan et al. (2009) reported ocular temperature as an indicator of core temperature (r>0.80) for humans. Additionally, Johnson et al. (2011) found that thermographic eye temperatures are feasible as an index of body temperature for horses in air temperatures of 14.2°C. These results are different from the data observed in the present study that found a moderate correlation between IRT of the ocular area and RT (0.52) and lower correlation with RF (0.35). The lower correlations obtained in the present study compared to those cited may have two main causes: (1) the data from the studies were obtained from different species (human and equine), and (2) there are differences in the environmental condition during the experimental period of these studies. Stewart et al. (2008) observed that mild stress responses can be detected as changes in the ocular temperature, as the eye blood flow is tightly related to the sympathetic activity of stress. It is important to highlight that these studies were designed to associate the stress of sympathetic, cognitive, or emotional responses and the present study associated IRT with thermoregulatory traits such as RT and RF. However, these associations could change in different environmental conditions (i.e., chronic thermal stress).
Several studies (Herd et al. 2004; Nkrumah et al. 2007; Basarab et al. 2003) on energy metabolism of beef cattle have demonstrated that more efficient cattle with respect to RFI traits are related with low heat production and lower maintenance requirements. The thermoregulatory activity is responsible for extra energy expenditure and increases spending on maintenance requirements.
One of the first physiologic changes that occurs in bovines in response to heat stress is the temperature change of the body surface. These changes occur due to circulatory adjustments that allow the blood flow to circulate in peripheral vessels of the body and permit heat exchange between the animal and the environment (Montanholi et al. 2009 ). In this situation, changes in temperature of the body surface may occur. The finding that IRT of different body locations presented different relationships with RFI was expected because different body locations have different relationships with heat dissipation (Blaxter 1962) . In previous studies, body extremities were demonstrated to be the main locations regulating heat loss or storage (Klir and Heath 1992; Van den Heuvel et al. 2004) . This finding could justify the results of the current study that the effect of efficiency group (RFI) occurred in extreme regions (e.g., head region as IRT front).
In contrast to our findings, Montanholi et al. (2008) evaluated thermography for assessing heat production and found a stronger relationship between heat production and feet temperature (r=0.88, P<0.001). In another study, Montanholi et al. (2009) determined the relationship of IRT, carcass ultrasound, and feed efficiency and the authors found that feet and cheek temperatures were the most promising body locations for indirectly assessing feed efficiency in cattle. However, the frontal region of the head was not evaluated. D 'Alterio et al. (2011) found that the daily rhythm foot temperatures were influenced by the variation in the blood flow to the extremities and showed a daily rhythmicity of RT and foot.
The current study was designed to detect variations in surface temperatures of the animals located in their own stalls without any procedure for IRT measures. Therefore, animals were subjected to several factors including dust, moisture, dirt, and mud. These factors may have influenced the accuracy of IRT measures and, especially, of measurement of the feet area. The use of thermography for measuring the temperature of the body surface has the advantage of not being invasive, and it can be used without animal handling. These characteristics allow animals to be examined without interfering in the production system and with minimum stress. Thus, all studied body regions were evaluated without any previous treatment or cleaning. Therefore, in the present study, the feet area was not effective in detecting surface temperature because the constant presence of dirt in this region makes it difficult to measure by IRT.
The temperature of the body locations investigated in this study varied. There were regions with low variation (eye and ocular area) and regions of great variation observed for two points of the head area (IRT point head and IRT of the front). Montanholi et al. (2008) found that body regions with greatest variation were more capable of evaluating feed efficiency in cattle.
All animals require energy for growth of body tissues, and heat will be produced. The heat produced is greatly dissipated through the skin as radiation (Birkett and de Lange 2001; Kleiber 1961) . RFI reflects the basal energy requirements, and the caloric input used to supply these requirements results in heat production as an outcome of the metabolic functions (Richardson et al. 2001; Castro Bulle et al. 2007 ). Thus, the heat dissipated through the skin can be captured by IRT and reflects the energy expenditure of metabolic functions such as thermoregulation. Therefore, the equilibrium of body temperature is directly related with energy expenditure for maintenance requirements.
In a thermoneutral environment, the lower skin temperatures of more efficient steers reflect lower heat production for maintenance requirements and less heat being dissipated by radiation than in less efficient steers (Archer et al. 1999; Montanholi et al. 2008 Montanholi et al. , 2009 . Interestingly, in this study, more efficient cattle (lower RFI) presented higher temperatures of the frontal head compared to less efficient cattle (higher RFI). One possible reason for the discrepancy of these results could be related with differences in climatic environment among these studies. In a thermoneutral environment, animals do not activate the thermoregulatory functions and the heat dissipated by radiation reflects the heat expenditure. This heat loss allows us to infer that more efficient animals for RFI have lower skin temperature than less efficient animals (greater RFI).
In conditions of moderate climatic environment with mild stress, as was the situation of this study, it was expected that some animals activate a thermoregulatory mechanism for exchanging sensible and latent heat to achieve body temperature equilibrium. Thus, there is a higher skin temperature measured by IRT for animals of the low-RFI group and this may be related to improved efficiency of thermoregulatory mechanisms. The lower RT values in the low-RFI group supports this hypothesis because the higher skin temperature of this group suggests that the heat dissipated was able to maintain lower body core temperatures than that of the high-RFI group. Therefore, the frontal head is a promising body location for studies related to RFI in beef cattle in tropical conditions. Other studies using IRT have shown that the temperature of the eye, specifically the temperature of the medial posterior palpebral border of the lower eyelid and the lacrimal caruncle, may be an indicator of stress (Cook et al. 2005; Pavlidis et al. 2002) . We found no evidence that ocular area temperatures measured by IRT vary in response to RFI. Many factors are involved with changes of eye temperature because blood flow changes as a result of stress and alters the amount of radiated heat lost from thermoregulatory sites (Hsieh et al. 1990 ). Additionally, an alerting environmental stimuli or fear response can cause reduction in blood flow and decrease the ear temperatures in rabbits (Blessing 2003) and the tail and paw of rats (Vianna and Carrive 2005) . In the present study, although the steers were acclimated with the facilities and human contact for a 70-day period, they may still perceive handling as stressful. The stress could cause temperature changes due to other factors unrelated to efficiency traits or thermoregulation. Montanholi et al. (2008) did not find a considerable association between IRT of the eye and efficiency traits.
The other four IRT locations such as the cheek, ribs, flank, and rump were not associated with RFI. The ribs and rump areas are influenced by factors such as hair length, which is variable in beef cattle and influences heat dissipation (Arkin et al. 1991) . Although these body regions are interesting for thermography measures due to the ease of image acquisition in beef cattle, they are not associated with feed efficiency. Montanholi et al. (2009) did not found important associations between IRT of the rib area and feed efficiency traits.
Conclusions
The IRT temperatures measured at the eye, cheek, flank, ribs, rump, and front feet were positively associated with RF and RT, which indicates that increases in these temperatures are linked to the increase of RF and RT. Thus, IRT is a promising tool for monitoring body surface temperature.
The IRT of the front of high-RFI cattle was lower than that of low-RFI cattle. The higher skin temperature measured by IRT for animals in the low-RFI group may be related with the improved efficiency of thermoregulatory mechanisms because the RT remained lower in the low-RFI group. The frontal head is a promising body area for studies related to RFI in beef cattle.
